Abstract In this paper, we present the design of a new ultra-wideband (UWB) frequency selective surface (FSS) based antenna, by using a wide stop-band FSS as a backing reflector for an UWB monopole antenna. A new single layer FSS, with UWB stop-band response and a reflection phase varies linearly with frequency, is firstly designed and thereafter, it is integrated with an UWB electric monopole. The studies of the behavior of the proposed antenna reveal that a unidirectional radiation with a quasi-constant gain of an average of 9dBi and a compact profile of λ/10 are achieved. The features of the proposed UWB FSS and its based antenna make them good candidates for integration with low profile broadband printed circuits and UWB applications.
Introduction
During the last decades, an immense research has been Thereafter, the proposed FSS and an UWB electric monopole are combined and redesigned to achieve UWB low profile antenna with a high quasi-constant gain. The operating bandwidth of our proposed antenna is wider, and its gain is higher and more stable than the ones reported in 10) -13) . And its size is more compact than the ones proposed in 11)13) 14) . It worth to mention that the design and analysis process of the proposed FSS were performed using CST Microwave Studio 2015. The next section treats in details the design guide of the proposed FSS followed by the design process of the proposed FSSbased antenna using parametric studies to provide the essential design information. After that, the main results that describe the performance of the proposed antenna are presented and discussed.
FSS Design Process
The main idea of the proposed FSS's unit cell design is to combine two resonant elements, each one of them can exhibit a stop-band response over a part of the UWB band so that the resulting FSS can act as a stop-band filter over the entire UWB band, which is our design Based on the results of parametric studies of the composed elements and taking into consideration, the fact that the two elements must be connected to achieve a wide stop-band, which means that the outer radius of the ring should be superior or equal to the half of the internal length of the square loop, the final parameters of the unit cell of the proposed UWB FSS have been chosen and they are given in Table. 1, where g is the gap width between the cells. 
UWB FSS with UWB monopole
The plane wave analysis is the most common way to study and emphasize the performance of frequency selective surfaces where the incident waves are considered planar with incident angles around the normal on the plane of the FSS. Although this analysis method is useful for most of the applications that use FSSs as random and space filters, it is not that much useful when the FSSs are wanted to be integrated into the near-field zone of an antenna. However, several references used the planar approach to give a design guide for FSS-based antennas 13) , 15) . On the other hand, 12) showed that the interactions between antennas and FSSs could not be sufficiently addressed without a full-wave analysis of the actual antenna structure in the presence of the FSS. Therefore, in this paper, instead of using FSSs to enhance the bandwidth of narrowband radiators as in 12) or using FSS based reflectors to improve the gain of predesigned UWB radiators as in 12)-13) , we follow an approach gathers the best of all, where an UWB radiator along with a new single layer FSS are designed together to obtain an UWB, low profile, and high quasi-constant gain antenna. The used radiator is the antenna proposed in 1) . The structure of this antenna is a circular disc fed by a CPW 50 Ω line printed on a substrate of a dielectric constant of 3 and a thickness of 1.6mm and the dimensions of the CPW line are wf = 4mm and sf = 0.33mm, where the former is the width of the main line and the latter is the gap between the main line of the CPW and the ground plane and sf = 0.3 is the slot gap between the circular disc and the ground plane, as shown in Fig.3 .a. The UWB CPW-fed antenna was installed at distance h above the proposed FSS, as indicated in Fig.3 .b. Then, the new current distribution on the source, resulted by the integration of the FSS, was studied and analyzed to achieve the desired performance. As a result, the parameters of the both structures were changed. The structure of the proposed FSS-based antenna is illustrated in Fig.4 . The feeding CPW line was tapered, and its new parameters are indicated in Fig.4 , where; "Wt" is the width of its narrower side that touches the circular disc and "ls" is the length of the tapered part of the CPW line. This modification of the feeding line is necessary to compensate some of the effects of the FSS on the matching band of the source antenna especially that around the tapered area, the current is maximum which 371 Paper » Low Profile UWB Frequency Selective Surface based Antenna indicates that this area has a big effect on the matching band of the antenna.
In addition to the main parameters that control the matching band of the monopole antenna, such as r, w, and s, the new parameter h has a big effect on the matching band as it can be seen in Figure. source as can be noticed in Fig.6 .a that contains the reflection coefficient of the antenna for different numbers of cells (n), which models the size of the FSS.
In other words, when the FSS is larger than the source, the bandwidth of the antenna is almost independent of the FSS size. However, the size of the FSS affects mainly the radiation behavior of the antenna, which is shown in Fig.6 .b by means of a parametric study of the antenna peak gain. From which, we can notice that as the number of cells increases, the gain is increased over the entire UWB band. Finally, the parameters of the structure were optimizing, using CST-MWS, to achieve UWB operating band and a quasi-constant gain over it with a minimum variation possible.
Final Results of FSS based Antenna
The final optimized dimensions of the proposed antenna are given in Table. 2. Fig.7 indicates the computed reflection coefficient of the proposed antenna, which shows that a reflection magnitude inferior to -10dB is achieved along the band from 3.5GHz to 10.6GHz. This matching band is obtained for overall profile thickness of 10mm which is around λ/10 at the lower operating frequency. The matching band can be broadened, as in Fig.5 .a, by choosing a larger value of h.
Regarding the radiation behavior, the radiation patterns computed at 6GHz for the UWB antenna in 1) and the proposed antenna, in H-plane and E-plane, are illustrated in Fig.8 . The radiation pattern of the UWB monopole antenna is omnidirectional in H-plane where the antenna acts as a conventional monopole antenna, and it is bidirectional in E-plane while the proposed antenna has a reduced back radiation in the both planes hence, an increased directivity. The peak gain of the proposed antenna and the monopole antenna in 1) , across the frequency, are indicated in Fig.9 . It is evident that the proposed antenna's gain is much higher, across the UWB band, than that of the monopole antenna. The amount of enhancement is varied across the band from 6.5dBi at 3GHz to 3.5dBi at 10GHz, which led to a quasi-constant gain with a maximum variation of 0.7dBi across the entire UWB band. Different factors such as the linearly decreased reflection phase of the proposed FSS and the small distance between the FSS and the radiator, which cannot be obtained using a flat metallic reflector, are contributed to achieving the resulted high quasi-constant gain. As a result, a low profile planar UWB antenna with enhanced quasi-constant gain is obtained.
Conclusion
The main objective of this paper is to design an UWB low profile planar antenna with a high quasi-constant 373 Paper » Low Profile UWB Frequency Selective Surface based Antenna Table. 2 Dimensions of the proposed FSS-based antenna (in mm). 
